Abstract-Chondrogenesis of human mesenchymal stem cells (hMSCs) is an important biological process in many applications including cartilage tissue engineering. We investigated the glucose uptake characteristics of aggregates of hMSCs undergoing chondrogenesis over a 3-week period both experimentally and by using a mathematical model. Initial concentrations of glucose in the medium were varied from 1 to 4.5 g/L to mimic limiting conditions and glucose uptake profiles were obtained. A reaction-diffusion mathematical model was implemented and solved to estimate kinetic parameters. Experimental glucose uptake rates increased with culture time for aggregates treated with higher initial glucose concentrations (3 and 4.5 g/L), whereas they decreased or remained constant for those treated with lower initial glucose concentrations (1 and 2 g/L). Lactate production rate increased by as much as 40% for aggregates treated with higher initial glucose concentrations (2, 3 and 4.5 g/L), whereas it remained constant for those treated with 1 g/L initial glucose concentration. The estimated DNA-normalized maximum glucose uptake rate decreased by a factor of 9 from day 0-2 (12.5 mmol/s/g DNA) to day 6-8 (1.5 mmol/s/ g DNA), after which it started to increase. On day 18-20, its value (17.5 mmol/s/g DNA) was about 11 times greater than its lowest value. Further, the extracellular matrix levels of aggregates at day 14 and day 21 correlated with their overall glucose uptake and lactate production. The results suggest that during chondrogenesis, for optimal results, cells require increasing amounts of glucose. Our results also suggest that diffusion limitations play an important role in glucose uptake even in the smaller size aggregate model of chondrogenesis. Further, the results indicate that glucose uptake or lactate production can be a tool for predicting the end quality of tissue during the process of chondrogenesis. The estimated kinetic parameters can be used to model glucose requirements in cartilage tissue engineering applications.
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INTRODUCTION
Human mesenchymal stem cells (hMSCs) are an important cell source for tissue engineering (TE) and regenerative medicine applications due to their ability to differentiate in vitro into a variety of mesenchymal lineage tissues such as cartilage, bone, muscle and fat. 4, 5, 9 Among the TE applications, cartilage has been widely studied since damage to this tissue causes osteoarthritis (OA), a degenerative disease exacerbated in part by the lack of the tissue's regenerative capability. 23 We and others have shown that transport limitations can significantly affect the function of engineered tissues. 3, 7, 13, 26, 41, 43, 47 These limitations are characterized by local availability of nutrients or signaling molecules within the tissue, and can arise due to reduced diffusion or enhanced uptake (e.g., glucose) or both. In hMSC-based cartilage TE, the transport limitations can vary during differentiation as the cells undergo phenotype changes. Understanding such limitations quantitatively is important in developing strategies (e.g., bioreactors) to resolve them.
There have been very few studies that investigated glucose metabolism during hMSC chondrogenesis. Pattappa et al. in a recent study showed that the glucose uptake rate stayed approximately constant during the 21-day period of in vitro chondrogenesis of hMSCs. 27, 28 No studies, to our knowledge, have investigated intrinsic glucose uptake during chondrogenesis via a kinetic model (viz, Michaelis-Menten kinetics). Such kinetic models will be useful in many applications, including as a tool for tissue engineered cartilage design and development, and as a predictive tool for monitoring the quality of the chondrogenesis. Further, unlike aggregates, which are used as a model of hMSC chondrogenesis, engineered cartilage tissue constructs grown from hMSCs can be nutrient-limited due to their larger sizes. 7 The effect of low nutrient levels on chondrogenesis and nutrient uptake during chondrogenesis are Under-Investigated.
In this study, we investigated the glucose uptake in hMSCs undergoing chondrogenesis using an aggregate culture system monitoring glucose utilization over time for various initial glucose concentrations. We utilized a reaction mass-transport model and estimated kinetic parameters of uptake from experimental data. Our results show that, overall, glucose uptake rate increased during chondrogenesis and the intrinsic kinetic parameter, V max , normalized to DNA levels, decreased rapidly after aggregation by a factor of 9; it recovered to a level 12 times greater than the lowest level towards the end of the 21-day culture period. Further, our data show that glucose uptake or lactate production can be a predictor of end point-biochemical quality of the chondrogenic construct.
MATERIALS AND METHODS

Materials
Cell culture medium [Dulbecco's modified Eagle's medium (DMEM) with 4.5 g/L-DMEM-HG, 1.0 g/ L-DMEM-LG and 0 g/L-DMEM-NG], trypsin, Lglutamine, antibiotic/antimycotic solution (10 5 U/mL penicillin G sodium, 10 mg/mL streptomycin sulfate, and 25 lg/mL amphotericin B in 0.85% saline), nonessential amino acids, dexamethasone, sodium pyruvate, phosphate-buffered saline (PBS) and nuclease-free water were purchased from Invitrogen (Carlsbad, CA, USA). Ascorbate-2-phosphate was purchased from Wako (Richmond, VA). Fetal bovine serum (FBS, Life Technologies, Carlsbad, CA) was lot selected (Lot# 1805387). 20 Safranin-O, hydroxyproline, papain, cysteine, 4-(dimethylamino) benzaldehyde, perchloric acid 70% reagent grade, hydrogen peroxide (H 2 O 2 ), sulfuric acid (H 2 SO 4 ), calf thymus DNA standard, cetylpyridinium chloride (CPC), copper(II) sulfate pentahydrate (CuSO 4 ), glycine, hydrazine hydrate solution (24-26% in H 2 O), sodium Llactate, NAD (b-Nicotinamide adenine dinucleotide hydrate), L-lactate dehydrogenase (L-LDH, from rabbit muscle), and Hoechst 33258 were obtained from Sigma-Aldrich (St. Louis, MO, USA). Hydrochloric acid (HCL), sodium hydroxide (NaOH), sodium phosphate, ethylenediaminetetraacetic acid (EDTA), sodium chloride (NaCl), disodium phosphate (Na 2 HPO 4 ), sodium acetate, isopropanol, bovine serum, 16% formaldehyde and clear 96-well plates were obtained from Fisher Scientific (Pittsburgh, PA, USA) Transforming growth factor-b1 (TGF-b1) and human fibroblast growth factor-2 (FGF-2) were obtained from Peprotech (Rocky Hill, NJ, USA). Insulintransferrin-selenium (ITS) + Premix was a product of Becton-Dickinson (Franklin Lakes, NJ, USA). Chondroitin sulfate C (CS-C, from shark cartilage) was from Seikagaku America (East Falmouth, MA). A Contour Next USB Blood Glucose Monitoring System and glucose test strips were acquired from Bayer AG (Leverkusen, Germany). Nitrocellulose membrane and dot-blot apparatus were bought from BIO-RAD (Hercules, CA, USA). 96-well plates with UV transparent flat bottom and black wells (for DNA assay) were purchased from Corning (Kennebunk, ME, USA). Hemocytometer was from Hausser Scientific (Horsham, PA, USA). 96 well polypropylene plates with a conical bottom were purchased from Evergreen Scientific (Los Angeles, CA, USA). Spectrophotometer was obtained from Molecular Devices (Sunnyvale, CA, USA).
Methods
Cell Culture hMSCs were obtained from bone marrow donations by healthy volunteers through collaboration with the Stem Cell Core Facility of the Case Comprehensive Cancer Center and prepared following previously published methods. 11, 36, 37 The cells were derived from donors after informed consent obtained according to an Institutional Review Board-approved protocol. After primary culture, hMSCs were proliferated in complete medium (DMEM-LG with 10% FBS and 10 ng/mL FGF-2) from an initial density of 15 9 10 5 cells per T150 flask. The flasks were maintained in an incubator set to 37°C with humidified atmosphere of 95% air and 5% CO 2 . Medium was changed twice every week. The cells were 80-90% confluent after 7-10 days.
Aggregate Culture and Chondrogenic Induction hMSC aggregates were prepared as initially described, 1, 14, 46 with modifications as described. 29, 37 Chondrogenic differentiation medium with four different glucose concentrations were made as follows: DMEM-HG and DMEM-NG were supplemented with 1% ITS+ Premix, 146 lM A2P, 10
antibiotic/antimycotic, nonessential amino acids, and sodium pyruvate at 1% and 10 ng/mL TGF-b1. The resulting chondrogenic medium high glucose (CM-HG) and glucose-free chondrogenic medium (CM-NG) were mixed to form chondrogenic medium of 1, 2, 3, and 4.5 g/L, glucose concentrations.
Passage 2 cells were used in the experiments. These culture-expanded hMSCs were trypsinized with a 0.05% trypsin EDTA which was subsequently inhibited with Bovine Serum (BS). The cell suspension was centrifuged for 5 min at 5009g to remove the BS/ trypsin solution and resuspended with complete medium for the cell counting using a hemocytometer. After another centrifugation under same condition, the cells were diluted with four different chondrogenic differentiation medium to a density of 1.25 9 10 6 cells/mL and were seeded in 96-well, conical bottom, 300 lL polypropylene microplates at a volume of 200 lL/well. The plates were gently centrifuged for 5 min at 5009g to encourage initial aggregation and cell-cell interaction. The plates were then placed in a cell culture incubator overnight. The medium was replaced every other day. Samples of 20 lL were collected every day and frozen at -20°C for glucose analysis.
Glucose Analysis
The concentration of glucose in the medium aliquots was measured using a Contour Next USB Blood Glucose Monitoring System (Bayer AG). Each aliquot was thawed at room temperature, spun down in a microcentrifuge, and supernatant vortexed. A sample of 3 lL was then pipetted into a petri dish to be analyzed. This procedure was done one sample at a time to minimize evaporation. A standard curve generated from DMEM with known glucose concentrations was used to calibrate the glucose test results. Experimental glucose uptake rate was calculated from the change in mass/mole of glucose divided by time interval (24 h ) and normalized by cell numbers.
Lactate Analysis
Lactate levels in the culture medium samples were analyzed using a previously published method. 25 Briefly, frozen samples were thawed at room temperature, spun down in a microcentrifuge, and vortexed. 10 ll samples were added per well to a standard clear flat bottom 96-well plate in duplicates. An assay cocktail of 190 lL consisting of 320 mM glycine, 320 mM hydrazine, 3 mM NAD+, and 20 U/ml freshly-made LDH solution in water was added to each sample well. The plates were sealed by a lowevaporation film and incubated at 37°C for 30 min. The absorbance of the plate was read at 340 nm. A standard curve generated from known lactate standards (0-10 mM) was used to calibrate the absorbance values to obtain lactate levels.
Sample Harvest and Processing
hMSC aggregates under each condition were harvested at day 7, day 14, and day 21 for further analysis. Four aggregates were used to quantify DNA, glycosaminoglycan (GAG) and hydroxyproline (HYP) content while two were used for histology. The aggregates harvested for DNA, GAG and HYP analyses were washed with PBS and frozen in 2 80°C until analysis was performed.
Histology
Aggregates were fixed in 4% formaldehyde, paraffin-embedded, sectioned, then stained with Safranin-O for a qualitative measurement of glycosaminoglycan (GAG)/proteoglycan content and distribution. 33 A Leica camera was used in conjunction with a Leica fluorescence microscope (Leica Microsystems GmbH, Wetzlar, Germany) to image the samples under a 109 objective. For aggregates that were too large to be captured in a single picture, a mosaic was compiled using multiple images.
GAG and DNA Assay
GAG and DNA contents of aggregate were determined following previously published methods. 6, 31, 36, 37 GAG content was normalized to DNA content of the aggregate as a surrogate for cell number. Briefly, for DNA measurement, papain buffer was used to digest aggregates and the digest was combined with Hoechst 33258 to allow fluorescence measurement of each sample at an excitation wavelength of 340 nm and emission wavelength of 465 nm. A standard curve was generated from known concentrations of calf thymus DNA. For GAG analysis, digest of each aggregate was separated and combined with Safranin-O reagent in a dot-blot apparatus. Precipitates on a nitrocellulose membrane were collected after vacuum was applied to the apparatus. Individual dots were cut out, and the dye was eluted using cetylpyridinium chloride. Absorbance of the eluted dye was measured at 536 nm. A standard curve was generated from known concentrations of purified chondroitin sulfate.
Hydroxyproline Assay
Samples to be analyzed for hydroxyproline content were underwent papain digestion as mentioned above in the GAG/DNA assay section. HYP content was determined by previously published method. 10, 12, 45 Briefly, samples were hydrolyzed using 6N HCl overnight at 110°C. HCl was then evaporated by heating open samples overnight at 60°C, and the dry samples were redissolved in water. After preparation, 20 lL of each sample were transferred into a 96-well non-tissue culture plate with UV transparent flat bottom in quadruplicate. To each sample, 20 lL of 0.15 M CuSO 4 and 2.5N NaOH were added after which they were incubated in an oven for 5 min at 50°C. Each sample then had 20 lL of 6% H 2 O 2 added followed by another incubation period of 10 min at 50°C. Before a final incubation period of 16 min at 70°C, 80 lL of 3 N H 2 SO 4 and 40 lL of 10% p-dimethyl-aminobenzaldehyde were added to each sample, respectively. The samples were allowed to cool to room temperature between each incubation period. This procedure was performed simultaneously for standards of hydroxyproline between 0 and 500 lg/mL. As soon as the final incubation-cooling cycle was completed, the absorbance was read at 505 nm.
Mathematical Modeling
To analyze glucose concentrations of cell culture medium and to obtain kinetic parameters of glucose uptake, we developed an axisymmetric (2D) model of glucose transport. The physical model consisted of a chondrogenic aggregate in culture medium contained in a single well (Fig. 1) . We modelled the aggregate as a sphere of uniform radius, 'a', that is held constant during each 48 h-simulation (see below). The radius of the aggregate was varied over the culture period. We evaluated the aggregate size at day 1, 7, 14, and 21. An empirical fit to this experimental data was used to obtain 'a' at t = 0, 2, 4, 6, 8, 10, 12, 14, 16, and 18 days.
The model assumptions are: between medium changes, the cell culture medium was stationary. Therefore, the dilute species (nominal maximum glucose concentration was 25 mM) transport was governed by diffusion only. Glucose uptake occurs only in the aggregate. The corresponding transport equation in the culture medium is:
Here, C M G is the concentration of glucose in the medium, and D M G is the diffusion coefficient of glucose in the medium, which is assumed to be a constant.
In the aggregate, glucose transport is governed by diffusion and reaction. The intrinsic glucose kinetics of the aggregate are given by the Michaelis-Menten equation:
Here, R G represents the rate of reaction of glucose in the aggregate (mole of glucose m 23 s 21 ), C G is the local glucose concentration in the aggregate, C x is the uniform density of DNA (g of DNA/m 3 ), V max is the intrinsic uptake rate of glucose per DNA (mole of glucose s 21 g 21 of DNA), and K M is the Michaelis constant. DNA levels (g) of the aggregates were experimentally determined on days 1, 7, 14, and 21. Using the aggregate size data (see above), C x values can be obtained at days 1, 7, 14, and 21. An empirical fit to this experimental data was used to obtain C x at t = 0, 2, 4, 6, 8, 10, 12, 14, 16, and 18 days. The governing transport equation in the aggregate is:
The boundary conditions included: continuity of diffusional fluxes at the interface between the culture medium and aggregate, and impermeable boundary at all other boundaries (medium-air interphase, mediumwell interphase). A jump condition based on solubility was used to relate concentrations at the culture medium aggregate interphase: Table 1 shows values of parameters used in the model.
Model Implementation and Solution
We implemented the transport model in COMSOL Multiphysics (COMSOL, Burlington, MA) using backward Euler initialization. The time stepping method was ''Backward Differentiation Formula'', using ''free steps'' taken by the solver with a tolerance of 0.01. Since our model was a 2D axisymmetric model, we implemented a two-dimensional asymmetric unstructured mesh. Maximum element size was 0.2 mm and the minimum was 0.5 lm, while element growth rate was set to 1.2. The minimum number of mesh nodes in the narrow regions was set to two. The model usually converged between 1000 and 1200 time steps. Further details of solver and mesh optimization is presented in Supplementary Data (Figs. S1-S4). To ensure that the calculated glucose concentration in the model never became negative, which occurred even at the best tolerances, and to thus subsequently prevent the uptake of glucose to appear to become synthesis of glucose, we replaced any negative value concentration node in the mesh that occurred with an infinitesimally small positive number (10 2197 ) during the simulation. The model was solved using the time-dependent solver in COMSOL for a period of 48 h. This represented the time period between medium changes. During this time period, we assumed that the radius of the aggregate ('a') and the DNA density in the aggregate (C x ) were constant. Except for the first medium change model solution-where we assumed the concentration of glucose in the aggregate to be zero-for subsequent solutions, we used the end average concentration in the aggregate of the previous solution as initial conditions for concentration.
Parameter Estimation
The intrinsic kinetic parameters: V max and K M were unknowns in the model. We estimated values for these parameters from experimental data of glucose concentration vs. time obtained for all initial glucose concentrations using an optimization method. An objective function:
was evaluated for each simulation run for a given set of parameter values. Here, C This allowed us to analyze the behavior of glucose kinetics over the entire chondrogenesis period of three weeks.
Statistical Analysis
Statistical analysis was performed using the Origin 2016 software package from Origin Lab (Northampton, MA, USA), Minitab (State College, PA, USA) and Microsoft Office Excel (Microsoft, WA, USA). For select pair-wise comparisons, Student's t test was used. For multiple comparisons, Tukey's test was employed. For time-dependent data, analysis of variance (ANOVA) was performed to determine significance. Values are represented as mean ± standard deviation. Differences were considered significant when p value < 0.05.
RESULTS
Glucose Consumption Characteristics
The glucose concentrations in the culture medium of the aggregates decreased with time over the 48 h after all medium changes (Fig. 2) . For all initial concentra- tions of glucose tested, the reduction in glucose concentrations over 48 h window after every medium change increased with subsequent medium changes. For experiments with initial concentrations of 1 g/L, this decrease was such that after day 2, the concentration of glucose in the well before medium change was essentially zero. For experiments with 2 g/L initial concentrations, this occurred from day 12. For experiments with 3 and 4.5 g/L initial concentrations, the glucose concentrations in the well never reached low values obtained with 1 and 2 g/L initial concentrations; the lowest values in the well for experiments with 3 and 4.5 g/L initial concentrations were 0.34 and 1.69 g/L respectively, reached on day 21. Experimental rates of glucose consumption calculated from mass balance show that the first day consumption rate after medium change increased with time for all experiments (Fig. 3a) . The increase was small for 1 g/L and ranged from 150 to 200% for other concentrations. However, when consumption rates were calculated for the second day after medium change, only experiments with 3 and 4.5 g/L initial concentrations led to increased consumption rates (Fig. 3b) . Experiments with an initial concentration of 2 g/L had decreased rates of glucose consumption after day 18. In the 1 g/L experiments, the rates were the lowest and essentially unchanged over time.
In general, glucose consumption over 24 h increased with time (Fig. 4) for all conditions. Up to day 7, the cumulative glucose consumption profiles were approximately similar for all initial concentrations. After around day 7, aggregates treated with 1 g/L initial glucose concentration consumed significantly less compared to aggregates treated with 2, 3, and 4.5 g/L. Between medium changes, when glucose consumption in the first 24 h was compared to the next 24 h, interesting trends emerged (Fig. 3) . The absolute glucose consumption increased from the first 24 h to the next 24 h after a medium change for 0 out of 10 media changes for 1 g/L, 2 out of 10 media changes for 2 g/L, 4 out of 10 media changes for 3 g/L and~5 out of 10 media changes for 4.5 g/L. The last four media changes for all initial glucose levels led to decreasing consumption from the first 24 h to the next 24 h. Overall, the 21-day net glucose consumption was lowest for aggregates with initial concentration 1 g/L whereas for aggregates with all other initial concentrations, the 21-day consumption values were similar (data not shown). Percent glucose utilization, the ratio of cumulative glucose consumption (moles) to the total amount of glucose (moles) supplied in the medium (Fig. 5) , also increased for all initial concentrations. For 4.5 g/L, especially towards the last week of culture, the percent consumption did not change from the first 24 h to the next 24 h after a medium change. For 1 g/L, the utilization was nearly 100% 48 h after a medium change, whereas for 2 g/L it increased from about 65 to 100% from day 2 to day 20, for 3 g/L aggregates it increased from 40 to 75%, and for 4.5 g/ L aggregates, it increased from 25 to 40% from day 2 to day 12 and remained constant at about 40% from day 14 to day 20. 
Lactate Production Characteristics
Lactate production rate significantly increased by about 50% from day 2 to day 20 for aggregates treated with 2, 3, and 4.5 g/L initial glucose concentrations, whereas it remained constant for those treated with 1 g/L (Fig. 6) . Further, lactate production for the latter condition was significantly lower by about 40 to about 60% when compared to lactate production by aggregates treated with 3 and 4.5 g/L initial glucose concentrations. Further, at every time, on average the lactate production rate is about twice that of glucose production rate.
Aggregate Biochemical Properties Figure 7 shows GAG and HYP contents of the aggregates at day 7, day 14 and day 21 normalized to the DNA. While 2, 3, and 4.5 g/L treatments led to increasing levels of GAG/DNA and HYP/DNA from day 7 to day 21, 1 g/L treatment showed such a trend for HYP/DNA only; it, however, had a significantly increased GAG/DNA content at day 7. The day 21 results show that both GAG/DNA and HYP/DNA contents of aggregates with initial glucose concentrations 2, 3, and 4.5 g/L were significantly about 10 times greater for GAG and about 60% greater for HYP than those with initial glucose concentration 1 g/L. There was no significant difference between GAG/DNA and HYP/DNA contents of aggregates treated with 2, 3, and 4.5 g/L. The DNA content of aggregates remained unchanged as a function of time for 1 and 2 g/L (Supplementary Material, Table S1), whereas for 3 and 4.5 g/L, there was an increase for day 21 levels compared to other time points. All the aggregates were small on day 7, but all increased in size with time (Supplementary Material, Table S2 ). On day 14 and day 21, aggregates treated with 1 g/L initial glucose concentration were significantly smaller than aggregates treated with 2, 3, and 4.5 g/L.
Histology
Aggregates treated with 2, 3, and 4.5 g/L glucose concentrations exhibited very good Safranin-O staining on day 14 and day 21, indicative of GAG, whereas aggregates treated with 1 g/L glucose concentrations exhibited inferior staining for GAG (Fig. 8) . Aggregates were also significantly smaller in the latter when compared to the former experiments. The difference in the size is unlikely due to differences in DNA content, which are very small (Table S1 ). The results show reduced staining for all day 7 aggregates. The enhancement in the quality of the aggregate from day 14 to day 21 was more when compared to day 7 to day 14.
Numerical Model and Parameter Estimation
The numerical model was verified for accuracy by solving for time-dependent glucose concentration profiles within the aggregate in an unsteady-diffusion transport model for which an analytical solution can be obtained (see Supplementary Material, Fig. S5 ). The analytical solution agreed with the simulation results with less than 1% error with an average error of 0.36%. The numerical model was then used to estimate the parameters V max and K M . V max decreased significantly (by a factor of 9 from 12.5 to 1.5 mmol/s/g DNA) with time from day 0-2 to day 6-8, after which it started to increase. On day 18-20, the value of V max was 17.5 mmol/s/g DNA, 12 times greater than its lowest value on day 6-8 ( Fig. 9) . K M value did not change with time and was 10 23 mol/m 3 . Overall, the estimated parameters led to good prediction of concentration in the medium for all the experiments (Fig. 2) . The average percentage errors ranged from as small as 11% to as large as 695% (Table S3) ; the latter arose when experimental values were essentially zero (typically, for initial glucose concentrations of 1 and 2 g/L). The model over-predicted concentration for experiments with 1 and 2 g/L initial glucose concentrations. Elimination of 1 g/L data in parameter estimation had very little effect on the parameter estimates (average error < 1%, data not shown). V max values estimated from data at 24 h intervals (open circles in 9 ) assuming constant K M were similar to those estimated from data over 48 h intervals (filled circles in Fig. 9 ).
Biochemical Properties, and Glucose Consumption and Lactate Production GAG and HYP contents of aggregates evaluated at day 14 and day 21 increased with the overall glucose consumption regardless of initial glucose concentrations (Fig. 10a) . These increases were linear. For every lg of GAG synthesized, an increase in glucose consumption of about 170 lg was observed. Similarly, for every lg of HYP synthesized, an increase in glucose consumption of about 460 lg was observed. Figure 10b shows GAG and HYP contents of aggregates as a function of lactate production. Similar to glucose consumption, lactate production increased with the biochemical content. For every lg of GAG synthesized, an increase in lactate production of about 160 lg was observed. Similarly, for every lg of HYP synthesized, an increase in lactate production of about 440 lg was observed.
DISCUSSION
The effect of initial glucose concentrations (or available glucose concentrations) on hMSC chondrogenesis and glucose uptake were evaluated. The results show that glucose consumption increased with time for all initial glucose concentrations; except for the lowest initial concentration, all initial concentrations led to GAG and HYP synthesis. The estimated intrinsic kinetic parameter, V max , decreased by 80% initially after aggregation; however, V max increased 12-fold from its lowest value. Further, glucose consumption related directly with the GAG and HYP contents of the resultant aggregates independent of the initial glucose concentrations.
Our results (Figs. 2, 3, 4, and 5) showing an increase in glucose consumption suggest that the glycolytic metabolism is accelerated during chondrogenesis. Such enhancement in glucose uptake rate (~200% increase, Fig. 3a ) occurred with only a small enhancement (~25%) in DNA (Table S1) suggesting that the uptake is unrelated to cell proliferation. Greater consumption rates occurred towards the end of the 21 day culture period; this coincides with ECM synthesis which has been shown to occur in the last 7-10 days of culture. 44 Our results are different from those of Pattappa, et al., 27 where the glucose uptake rate was approximately constant. The difference could be due to higher ECM content of the resultant aggregates in the experiments (Fig. 7) reported here. The reduction in ECM in Pattappa, et al. 27 could be due to higher passage numbers (P3-P5) used in their study. GAG synthesis depends on passage number; at higher passage numbers, MSCs chondrogenic potential (GAG synthesis) is significantly reduced. 35 In addition, the stem cells used in this study (P2) were cultured in serum, selected for its ability to enhance adhesion, proliferation and chondrogenic/osteogenic differentiation. 19 An important feature of our experimental design is the effect of initial glucose concentrations. Our result showing that 1 g/L initial glucose concentration led to almost 100% glucose utilization and subsequently inferior quality of the aggregates (Fig. 5) , suggests that the glucose availability to the aggregate was limited and can be improved by either enhanced medium volume or more frequent medium changes independent of glucose level. In addition, the results showing that the simulations had improved agreement with results from aggregates exposed to 2, 3, and 4.5 g/L when compared to that from aggregates exposed to 1 g/L suggests that a combination of exposure to low glucose concentration and decreased glucose availability can change the glucose consumption behavior of the cells. Even though the simulation results show that the predicted glucose concentrations within the aggregate can be significantly lower than 1 g/L for initial glucose concentrations of 2, 3 and 4.5 g/L (data for 4.5 g/L shown in Fig. S6 ), due to higher glucose availability and transport rate to the cells, the aggregates from 2, 3, and 4.5 g/L experiments exhibited exuberant ECM and were considered a success when compared to those from 1 g/L experiments. We can, therefore, conclude that it is not the local glucose concentrations but rather the transport rate of glucose that determine the quality of the aggregate. Small changes in glucose uptake can lead to metabolic disorders that have been suggested to be a trigger for cartilage degeneration. For example, OA is found to occur coincident with metabolism diseases such as type 2 diabetes. 8, 23, 24, 34 Our lactate production results show that the rate of lactate production increased during chondrogenesis for aggregates exposed to 2, 3, and 4.5 g/L initial glucose concentrations whereas for aggregates exposed to 1 g/ L had a constant production rate. This trend was consistent with the glucose consumption rate. This suggests that lactate production is a result of enhanced glucose consumption and is likely due to the differentiation of MSCs into chondrocytes; the latter are known to utilize oxygen-independent glycolysis mechanism thus producing lactate as a waste product. [15] [16] [17] [18] Also, since all the experiments were conducted under normoxia conditions, these results suggest that even under normoxia glycolysis is the preferred mechanism under conditions of increasing glucose availability during chondrogenesis.
Intrinsic kinetics of nutrients are important not only for understanding the general mechanisms of glucose uptake but also for developing accurate mathematical models of transport for bioreactor design. MichaelisMenten kinetics is a widely-used model to describe glucose uptake by cells. 2, 21, 30 A mathematical model of mass transport involving reaction and diffusion to estimate kinetic parameters of the M-M model from the experimental data was used. The DNA-specific maximum uptake rate (V max , mol/s/g DNA) started high but precipitously decreased from day 0-2 to day 2-4 ( Fig. 9) . The high initial rate is likely due to the energy-intensive aggregation process. Further, there are significant differences in gene expression profiles of proliferating hMSCs and hMSCs undergoing chondrogenesis. 38 The reduction can be due in part to glucose transporters hidden by the aggregation of cells. After Day 2-4, V max decreased slightly during early chondrogenesis suggesting that after aggregation, the glucose requirements of the cells were decreasing. Towards the late chondrogenesis period, V max increased steadily to a maximum value at Day 18-20; this is likely due to ECM synthesis, which has been known to occur in weeks 2 and 3 of chondrogenesis. 44 Further, since GAG is a significant part of cartilage ECM, we argue that the increase in V max is due in large part to enhanced glucose uptake for GAG synthesis. When only 24 h data were used to estimate parameters (Fig. 9) , the parameter values did not change significantly from the value estimated using the entire 48 h data set. This suggests that intrinsic glucose consumption characteristics of aggregate do not change appreciably over a period of 48 h.
V max values from these hMSCs chondrogenesis experiments are approximately 35-467 larger than the V max values reported for hMSCs in proliferation. 32, 42 This suggests that glucose uptake is greatly enhanced during chondrogenesis. This is supported by significant lactate production (Fig. 6 ), which indicates glycolysis as the preferred pathway of ATP production by the cells.
In our simulations for parameter estimations, we used data from all initial concentrations to evaluate V max . The premise behind the approach was that the cells consume glucose at a local concentration-dependent manner as described by the Michaelis-Menten kinetics. The concentration-dependent kinetic model is thus presumed to be applicable to all concentration ranges. However, the results show that low uptake rate of glucose by aggregates exposed to 1 g/L initial concentration changes the glucose kinetic behavior of the cells. The simulation models show low levels of glucose within the aggregate even when exposed to 4.5 g/L initial concentrations. Such rate-dependent behavior suggests other mechanisms besides Michaelis-Menten kinetics play a role at very low concentration levels. This is a limitation of the kinetic model employed in this work and needs to be explored further in a future work. Specifically, transporter-based kinetic models of glucose uptake can help to address this limitation. 40 Both experimental data and simulation results (Figs. 2 and S6 ) indicate that glucose transport is limited by diffusion within the aggregates even when exposed to 4.5 g/L initial concentration of glucose. Indeed, the Damko¨hler number 40 ( is the initial glucose level used to make the concentration dimensionless), typically used to determine the relative contributions of diffusion and reaction to transport, ranged from 260 to 1775. This suggests the glucose transport to the cells is limited by diffusion within the aggregate. This is an important finding as aggregates are a well-established small-sized model to study chondrogenesis. Future investigation of intraaggregate glucose levels via imaging techniques [e.g., PET imaging using fluorodeoxyglucose ( 18 F)] will further strengthen this finding.
The results showing both GAG synthesis and HYP synthesis are related to glucose uptake and lactate production (Fig. 10) suggest that both glucose uptake and lactate production can be used as a marker of chondrogenic quality. The kinetics of chondrogenesis can significantly impact the quality of engineered cartilage developed using hMSCs. A non-invasive chondrogenesis monitoring tool based on glucose uptake can be used to optimize strategies for improving the quality of the engineered tissue.
CONCLUSIONS
The intrinsic parameters of glucose uptake kinetics during human mesenchymal stem cell in vitro chondrogenesis were studied. Experimental results show that during chondrogenesis, increased glucose uptake and lactate production led to improved chondrogenesis end points. The DNA normalized maximum glucose uptake rate (V max ) decreased rapidly followed by a steady increase to a plateau. This period of increase coincides with the primary ECM synthesis period during chondrogenesis. For tissue engineering researchers, the increasing glucose uptake rate during hMSC chondrogenesis means that culture conditions need to be optimized to provide increasing amounts of glucose. Further, the biochemical content of the resultant tissue correlates with the glucose uptake and lactate production, suggesting that either glucose uptake or lactate production can be a useful parameter to monitor and to predict tissue quality during chondrogenesis.
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